Edwardsiella tarda is an important pathogenic bacterium that can replicate in macrophages. However, how the intramacrophage infection process affects the virulence of this bacterium is essentially unknown. Here, we show that E. tarda replicates and induces a caspase-1-dependent cell pyroptosis in a murine macrophage model. Via pyroptosis, intracellular E. tarda escapes to the extracellular milieu, forming a unique bacterial population. Being different from the bacteria cultured alone, this unique population possesses a reprogrammed transcriptional profile, particularly with upregulated type III secretion system (T3SS)/T6SS cluster genes. Subsequent studies revealed that the macrophage-released population gains enhanced infectivity for host epithelial cells and increases resistance to multiple host defenses and hence displays significantly promoted virulence in vivo. Further studies indicated that T3SS is essentially required for the macrophage infection process, while T6SS contributes to infection-induced bacterial virulence. Altogether, this work demonstrates that E. tarda can utilize macrophages as a niche for virulence priming and for spreading infection, suggesting a positive role for intramacrophage infection in bacterial pathogenesis.
M
any bacterial pathogens can survive and multiply within a variety of eukaryotic cells, including macrophages, which is believed to be important for their infection process (1) . To promptly adapt to the hostile host environment, many pathogens have been found to adopt precise regulation strategies and generate a global intracellular virulence gene expression profile (2) . To date, several high-throughput screening methods (3, 4) have been applied to identify infection-induced virulence genes. For example, a technique named in vivo expression technology (IVET) was used to identify genes that were essential or necessary for bacterial colonization in many bacterial species, such as Salmonella enterica serovar Typhimurium (5) , Yersinia enterocolitica (6) , Mycobacterium avium (7) , and Bordetella bronchiseptica (8) . Another method, high-throughput bioluminescence mutant screening (BLMS), was reported to identify virulence genes in Edwardsiella ictaluri (9) . Undoubtedly, the infection-responsive virulence profile greatly contributes to the survival and intracellular replication of invading pathogens.
Macrophage death is always observed during the infection of many bacterial pathogens. However, its effect on bacterial infection is rather complicated and controversial. On one hand, the death of macrophages is oftentimes concomitant with the death of the infecting organisms and can promote efficient pathogen clearance. On the other hand, killing phagocytes is also a strategy adopted by invading pathogens for evading immune cells and spreading to the neighborhood. Bacterial pathogens have developed different strategies for "manipulating" host cell death for a successful infection. For instance, Legionella pneumophila delivers a subset of effectors, such as SdhA, to block or delay host cell death and promote its own survival and intracellular replication (10) . In contrast, Mycobacterium tuberculosis induces cell death in the later stage of infection to promote bacterial egress from infected macrophages (11) , and Yersinia pseudotuberculosis induces apoptosis in vivo to aid in the establishment of a systemic infection of mice (12) . Since the pros and cons of host cell death upon infection vary from hosts to pathogens, understanding the underlying mechanisms is vitally necessary.
Edwardsiella tarda is a pathogenic bacterium that infects a wide range of hosts, from fish, birds, and reptiles to human beings (13, 14) . As a facultative intracellular bacterial pathogen, E. tarda is capable of surviving within infected host cells, including phagocytes, which is also crucial for its pathogenesis. Once E. tarda has invaded macrophage cells, it resides and replicates in a special vacuole that is largely dependent on its type III secretion system (T3SS) (15 
MATERIALS AND METHODS
Bacterial strains and cell culture. Wild-type (WT) Edwardsiella tarda EIB202, the T3SS mutant (⌬T3SS), and the T6SS mutant (⌬T6SS) were grown as described previously (17) . Mouse primary lung and kidney cells were prepared as described previously (18) . HeLa cells (ATCC CCL-2) and J774A.1 cells (ATCC TIB-67) were cultured at 37°C in a 5% CO 2 atmosphere in DMEM supplemented with 10% fetal bovine serum (FBS), which was called growth medium (GM). Macrophage infection and enumeration of intracellular and extracellular bacteria. J774A.1 cells were infected as described previously with slight adjustments (17) . Briefly, E. tarda was grown overnight in tryptic soy broth (TSB) at 30°C with shaking and then diluted into fresh TSB with shaking at 30°C until the optical density at 600 nm reached 0.8. Harvested bacteria in phosphate-buffered saline (PBS) suspensions were added to macrophage cells at a multiplicity of infection (MOI) of 10:1. Plates were then centrifuged at 600 ϫ g for 10 min. Two hours after incubation, the cells were washed three times with PBS and then incubated with growth medium containing 1,000 g/ml gentamicin for 30 min to kill the extracellular bacteria, after which the gentamicin concentration was decreased to 10 g/ml for the remainder of the experiment.
For enumeration of viable intracellular bacteria, Triton X-100 was added at 1% (vol/vol) to the cell culture, a dilution series was plated onto TSB agar plates, and the colonies were enumerated after overnight culture. For enumeration of viable extracellular bacteria, cell supernatant was harvested and viable bacteria (CFU) were counted.
Immunofluorescence and confocal microscopy. For constitutive expression of green fluorescent protein (GFP) or mCherry, WT E. tarda EIB202 was electroporated with pUTt0456GFP or pUTt0456mCherry, respectively. J774A.1 cells were seeded onto 24-well plates containing sterile coverslips. Following infection with strain EIB202 (GFP) and incubation with gentamicin, the cells were washed with PBS and then fixed in 4% (wt/vol) paraformaldehyde for 10 min at room temperature. Fixed cells were washed in PBS and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. After being washed with PBS, actin cytoskeleton was stained with rhodamine-phalloidin (Molecular Probes) for 30 min, and the nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI; Sigma) for 10 min at room temperature. Fixed samples were viewed on a Nikon A1R confocal microscope. The images were analyzed using ImageJ (NIH).
Cell death assay. Cells were infected as described above, and supernatants were harvested. Lactate dehydrogenase (LDH) release was quantified using the Cytotox96 assay kit (Promega) according to the manufacturer's instructions. Cytotoxicity was normalized to Triton X-100 treatment (100% of control), and LDH release from uninfected/ untreated cells was used for background subtraction. When mentioned, cells were pretreated with the selective caspase-1-specific inhibitor Ac-YVAD-CHO or dimethyl sulfoxide (DMSO) as a control for 60 min before infection (40 M) and maintained throughout the course of infection.
Preparation of macrophage-released E. tarda. The procedure to prepare macrophage-released E. tarda (released E. tarda) is described in Fig.  S1 in the supplemental material. Briefly, macrophage cells were infected as described above, and the supernatant containing released bacteria was harvested 8 h postinfection. Then, the supernatant was centrifuged at 600 ϫ g for 5 min to discard the cellular debris, and the harvested supernatant was further centrifuged at 13,000 ϫ g for 10 min to collect the macrophage-released bacteria. DMEM-cultured E. tarda (cultured E. tarda) was prepared in the meantime. Briefly, E. tarda was cultured in cell-free growth medium in parallel and harvested by centrifugation.
Transcriptome sequencing (RNA-seq) and RT-qPCR. The macrophage-released and DMEM-cultured bacteria were prepared as described above. RNA of both samples was extracted by using an RNA isolation kit (Tiangen, Beijing, China). The RNA samples in three biological replicates were sequenced by an Illumina HiSeq 2000 genome sequencer at the Chinese National Human Genome Center (Shanghai, China). One microgram of each RNA sample was used for cDNA synthesis with the Moloney murine leukemia virus (MMLV) reverse transcriptase (ToYoBo, Tsuruga, Japan). Quantitative real-time PCR (RT-qPCR) was performed on an FTC-200 detector (Funglyn Biotech, Shanghai, China) by using the SYBR green real-time PCR kit (ToYoBo).
Epithelial cell infection. For secondary infection, macrophage-released E. tarda or DMEM-cultured E. tarda was incubated with HeLa cells, primary lung cells, or primary kidney cells at an MOI of 50 for the indicated time. Cell death was assessed as described above. For determination of the internalization ratio, media were washed with PBS and then replaced with GM containing 1,000 g/ml gentamicin for 30 min to kill the extracellular bacteria, and the intracellular bacteria were counted. The internalization ratio is expressed as the number of CFU of bacteria divided by the number of cells.
Host-killing resistance assay. Every 2 ϫ 10 5 CFU of macrophagereleased or DMEM-cultured E. tarda was incubated in 1 ml of TSB with the addition of 0.75 mM H 2 O 2 for oxidant stress, incubated in 1 ml of TSB with medium pH of 5.5 for acidic stress, or incubated with 100 l of mouse serum for serum-killing stress. The surviving bacteria were enumerated by colony counting at several time intervals. Simultaneously, macrophage-released or DMEM-cultured E. tarda was incubated with polymorphonuclear leukocytes (PMNs) prepared as described previously (19) at an MOI of 1. The surviving bacteria were enumerated as described above.
Mouse infection. Six-to 8-week-old wild-type C57BL/6 mice were obtained from Shanghai SLAC Laboratory Animal Co. Animal experiments were approved by the Experimental Animal Management and Ethics Committees of Shanghai SLAC Laboratory Animal Co. For E. tarda challenges, each mouse was infected intraperitoneally with E. tarda at 1.5 ϫ 10 6 CFU/g. For competitive index (CI) assays (20) , the inoculum was composed equally of macrophage-released E. tarda (labeled with red fluorescence protein [RFP] ) and DMEM-cultured E. tarda (labeled with GFP) in doses of 3 ϫ 10 5 CFU/g. The bacterial burden in the liver of each mouse was determined based on red or green color colony on diluted TSB plates at 6 and 12 h postinfection. CI results are presented as log 10 (RFPexpressing bacteria/GFP-expressing bacteria).
Statistical analysis.
Each experiment was performed three times (as indicated in the figure legends). Except for the mortality assay, in which a log-rank test was used to compare the survival distributions of the mice, all other statistical analyses were performed by using the Student t test in the SPSS software (version 11.5; SPSS Inc.). In all cases, the significance level was defined at a P value of Յ0.01, Յ0.05, or Յ0.001.
RESULTS
Intracellular replicating E. tarda exits from macrophages via caspase-1-dependent cell death. E. tarda prefers an intracellular lifestyle during infection in either epithelial (21, 22) or phagocytic (15, 23, 24) cells, which provide an intracellular niche for this pathogen. In this study, we established an E. tarda infection model in murine macrophage-like cell line J774A.1. In this model, during incubation with J774A.1 at an MOI of 10, E. tarda was efficiently internalized into macrophages within the initial 2 h (Fig. 1A) . After treatment with gentamicin to kill the extracellular bacteria, internalized E. tarda replicated inside cells over time and reached a maximal propagation level at approximately 15 bacteria per cell at 6 h (Fig. 1A) . Observation of the infected cells under confocal microscopy revealed similar intracellular replicating kinetics (Fig.  1B) . Meanwhile, robust cytotoxicity was induced in E. tarda-infected macrophages and was significantly reduced in the presence of the caspase-1-specific inhibitor Ac-YVAD-CHO ( Fig. 2A) . Simultaneously, caspase-1 cleavage, interleukin 1␤ (IL-1␤) secretion, and LDH release were also detected in bone marrow-derived macrophages (BMDMs) after infection with E. tarda EIB202, indicating the activation of caspase-1-dependent inflammasomes (see Fig. S2A to C in the supplemental material). These results demonstrate that E. tarda EIB202 can replicate in macrophages and induce caspase-1-dependent inflammatory cell death in macrophage cells. Furthermore, the bacterial count in the supernatant significantly increased after 4 h postinfection in accordance with the rising level of LDH release, and Ac-YVAD-CHO treatment notably reduced the viable bacterial count in the supernatant (Fig.  2B ). These data suggest that intracellular-replicating E. tarda can escape to the extracellular milieu via caspase-1-dependent macrophage pyroptosis.
Released E. tarda exhibits a T3SS/T6SS-responsive transcriptional profile. Pathogens, including bacteria, fungi, and viruses, have evolved a multitude of strategies for modulating macrophage defenses to promote their survival. To investigate whether intramacrophage infection induced an altered virulence profile in E. tarda, we compared the global gene transcriptional profiles of macrophage-released E. tarda and DMEM-cultured E. tarda. RNA-seq analysis showed that almost half of the total genes were either downregulated or upregulated by at least 2-fold after infection (Fig. 3A, left) . Gene ontology analysis of the upregulated genes with a fold change greater than 4 (q Ͻ 0.001) revealed transcriptional activation of genes involved in transport and transporter activity during infection (Fig. 3A, right) . Since previous studies have shown that T3SS and T6SS are the most important virulence factors in E. tarda (24) (25) (26) (27) , we further focused on the different transcriptional profiles of T3SS and T6SS cluster genes in E. tarda. As shown in Fig. 3B , 25 of the 33 T3SS cluster genes and 16 of the 16 T6SS cluster genes were either downregulated or upregulated by Ͼ2-fold after infection. Among these genes, those coding for the known T3SS effector EseG (28) and the possible T6SS effector EvpP (27) were greatly upregulated by 11-and 81-fold, respectively. Subsequently, we verified the upregulation of some T3SS/T6SS cluster genes by RT-qPCR (Fig. 3C) . Meanwhile, significant upregulation of T3SS/T6SS cluster genes was also found in E. tarda released from BMDMs (see Fig. S3 in the supplemental material). Collectively, these data strongly support the idea that intramacrophage infection induces a T3SS/T6SS-responsive transcriptional profile in E. tarda.
FIG 1 Replication of E. tarda in macrophages. (A)
The murine macrophagelike cell line J774A.1 was infected with E. tarda at an MOI of 10 for 2 h, followed by treatment with 1,000 g/ml gentamicin for 30 min to kill extracellular bacteria. After being washed with PBS, J774A.1 cells were incubated in the growth medium containing 10 g/ml gentamicin for the time intervals indicated. Triton X-100 was added to the cell culture at 1% (vol/vol) at 2.5, 4, 6, and 8 h postinfection (p.i.). The lysate produced was serially diluted, and the CFU were counted. Graphs show the mean Ϯ SEM of results for triplicate cultures, and data are representative of at least three experiments. (B) Confocal microscopy of macrophages infected with GFPlabeled E. tarda at 2.5, 4, and 6 h p.i. Data are representative of at least three experiments, and representative microscopic images are shown. Filamentous actin was stained by rhodamine-phalloidin (red), and DNA was stained by DAPI (blue).
Macrophage infection increases the infectivity of E. tarda in epithelial cells. Given the evidence that macrophage infection induces a variety of virulence-related genes in E. tarda, it is interesting to determine whether macrophage-released E. tarda possesses greater virulence than DMEM-cultured E. tarda. Here, we compared the invasion abilities of macrophage-released E. tarda and DMEM-cultured strains in vitro. Epithelial cells were incubated with released E. tarda or cultured E. tarda at an MOI of 50, and both the internalization abilities and the cytotoxicities of the two bacterial populations were analyzed. In contrast to cultured E. tarda, released E. tarda showed a significant increase in the ratio of internalization into HeLa cells within the initial 1 h (Fig. 4A) and further induced dramatic cell death at 2 h postinfection (Fig. 4B) . Similarly, significant cell death was also triggered by released E. tarda but not by cultured E. tarda in two primary epithelial cell cultures from mice (Fig. 4B) . These data clearly demonstrate that the infectivity of macrophage-released E. tarda is increased in epithelial cells in vitro.
Macrophage infection enhances the resistance of E. tarda to multiple host defenses. During infection, it is essential for bacteria to evade extensive host antimicrobial defenses (29, 30) . Here, we investigated the capability of macrophage-released E. tarda and DMEM-cultured E. tarda to withstand multiple host defenses, including reactive oxygen species (ROS), acidified environments, serum factors, and polymorphonuclear leukocytes. First, we simulated a hostile intracellular environment by adding H 2 O 2 or HCl to TSB. Significantly, more bacterial survivors were detected for released E. tarda than cultured E. tarda when they were incubated in the two simulated hostile environments (Fig. 5A and B) . KEGG enrichment analysis of the RNA-seq data demonstrated that many genes potentially related to reactive oxygen species scavenging and acid tolerance were consistently upregulated after macrophage infection (see Table S1 in the supplemental material). These data indicate that macrophage-released E. tarda has stronger resistance to oxidative and acidic stresses. Next, we compared their abilities to resist extracellular host defenses, which typically include serum killing and neutrophil phagocytosis. As shown in These results demonstrate that macrophage-released E. tarda gains a stronger ability to counteract host immune defenses.
Macrophage infection contributes to the full virulence of E. tarda in vivo. Given the evidence that macrophage-primed E. tarda presented both increased infectivity to epithelial cells and enhanced resistance to multiple host defenses in vitro, it remains important to determine whether macrophage infection strengthens its pathogenicity in vivo. In the competitive index (CI) assay, we used equal numbers of released and cultured E. tarda cells to infect each mouse and determined the bacterial loads in the livers of the infected mice on the basis of their differences in fluorescence (released E. tarda expressing RFP, cultured E. tarda expressing GFP). At 6 and 12 h after infection, we recovered 1 to 10 CFU of cultured E. tarda for every 1,000 CFU of released E. tarda, yielding a CI value of log 10 (RFP/GFP) between 2 and 3 ( Fig. 6A) . In contrast, when we used RFP-labeled released E. tarda to compete with GFP-labeled released E. tarda or RFPlabeled cultured E. tarda to compete with GFP-labeled cultured E. tarda, we found roughly equal recoveries, with the CI near zero (Fig. 6A) . Furthermore, when we challenged the wild-type mice with either released E. tarda or cultured E. tarda (Fig. 6B) , the mice infected with released E. tarda succumbed to systemic infection within 2 days, whereas the mice injected with cultured E. tarda maintained a survival rate of 60%. Similarly, BMDM-released E. tarda also resulted in increased mortality in the mouse model compared with that in mice after infection with DMEM-cultured E. tarda (see Fig. S3 in the supplemental material). These data reveal that macrophage-released E. tarda exhibits significantly enhanced in vivo virulence over DMEMcultured E. tarda.
Involvement of T3SS and T6SS in macrophage-induced bacterial virulence. To determine whether the enhanced virulence of macrophage-released E. tarda is specifically correlated to the induced T3SS and T6SS genes, we compared the capabilities for intracellular replication, cytotoxicity, and bacterial escape among the ⌬T3SS, ⌬T6SS, and EIB202 strains. First, the ⌬T3SS mutant showed an obvious defect in replication within J774A.1 cells, while the ⌬T6SS mutant replicated at a level similar to that of the wildtype strain (Fig. 7A) . Subsequently, significantly reduced cytotoxicity was observed in ⌬T3SS mutant-infected cells but not in EIB202-or ⌬T6SS mutant-infected cells (Fig. 7B) . Furthermore, EIB202 and the ⌬T6SS mutant efficiently escaped from infected cells over time, while the ⌬T3SS mutant was detected in a very small amount in the supernatant during the whole infection process (Fig. 7C) . These findings reveal that T3SS, but not T6SS, plays essential roles in bacterial replication and escape from macrophages. To further investigate the contributions of T6SS to enhanced bacterial virulence, the macrophage-released ⌬T6SS mu- tant was collected and assessed for its virulence in mice (Fig. 7D) . On one hand, a significant decrease in the survival rate of infected mice was observed with the macrophage-released ⌬T6SS mutant compared to that with the DMEM-cultured ⌬T6SS mutant (P ϭ 0.018). This result demonstrates that intramacrophage infection reinforces bacterial virulence in the ⌬T6SS mutant, which means that, besides T6SS, other unknown virulent factors may also participate in macrophage-induced bacterial virulence. On the other hand, the macrophage-released ⌬T6SS mutant resulted in a higher survival rate of infected mice than did macrophagereleased EIB202 (P ϭ 0.009). This result illustrates that T6SS contributes at least partially to enhanced bacterial virulence in vivo. In brief, our data suggest that both T3SS and T6SS induced by macrophage infection actively promote the virulence of E. tarda.
DISCUSSION
The adaptation of bacteria to particular host niches depends on the activity of various adaptation factors; for pathogens, these are known as virulence factors. Particularly, pathogenic bacteria utilize types III (T3SS), IV (T4SS), and, in some instances, VI (T6SS) to transfer a broad arsenal of virulence factors, referred to as effectors, into host cells during infection (31) (32) (33) . Salmonella enterica was reported to express a characteristic intracellular transcriptomic signature during infection, including the upregulation of Salmonella pathogenicity islands 1 and 2 (34, 35) .
A T6SS locus in Burkholderia pseudomallei was identified from in vivo-induced genes during invasion of macrophages (36) .
Here, our data demonstrate that the population of E. tarda, released from infected macrophages, displays a T3SS/T6SS-responsive transcriptional profile that plays an important role in macrophage-induced bacterial virulence. Although T3SS and T6SS are the most important components of virulence in E. tarda (24, 27) , few T3SS or T6SS effectors have been identified so far. EseG was the first characterized Edwardsiella T3SS effector to have been proven to disassemble microtubule structures when overexpressed in mammalian cells (28) . Recently, EseJ was found to be a novel T3SS effector that reduces bacterial adhesion to endothelial progenitor cells and facilitates intracellular bacterial replication (37) . In contrast, although the E. tarda T6SS cluster was reported as early as 2004 (25) , as the first reported T6SS locus in bacteria, none of its T6SS effectors has been identified to date. Given the evidence that bacterial effectors are often transcriptionally induced during the bacterial infection cycle, we propose that the infection-inducible gene collection uncovered in this work might serve as a core database for identifying new T3SS or T6SS effectors.
During infection, pathogens often have to counteract extracellular defenses, such as complement, antibody, and cationic antimicrobial peptides (38, 39) , and some bacteria evade harsh extracellular defenses simply by entering host cells (40, 41) . However, once inside an infected cell, these pathogens are further challenged by intense intracellular defense mechanisms, such as the acidification of endosomes, reactive oxygen species, nitric oxide, and a group of cytokines and chemokines. Correspondingly, infectionrelated signals often stimulate pathogens to generate multiple resistances to host-killing mechanisms. For instance, studies with Salmonella have shown that the bacterial effector was translocated into cytosol by sensing acidic pH (42) . Other environmental conditions, such as ROS stress and nutrition deficiency, were also reported to modulate fitness gene expression (43, 44) . Although it is easily recognized that bacterial virulence properties are enhanced following host-specific reprogramming of gene expression, few studies to date have provided direct evidence to verify the enhanced bacterial virulence both in vitro and in vivo. In this work, we actually correlate the altered gene expression pattern, especially induced T3SS and T6SS, with enhanced epithelial invasiveness, resistance to multiple host bactericidal effectors, and in vivo virulence for E. tarda. From multiple perspectives, this work gives direct evidence that macrophage infection reprograms the virulent gene expression profile of E. tarda and promotes bacterial pathogenesis in vivo.
Inflammasomes, as cytosolic multiprotein complexes, are assembled to drive activation of caspase-1, maturation of IL-1␤ and IL-18, and induction of an inflammatory cell death program termed pyroptosis (45) . Miao et al. reported that pyroptotic cells can release bacteria from macrophages and expose them to neutrophils and other innate immune defenses. Thus, this caspase-1-induced pyroptosis has been implicated as a protective mechanism in host defenses against bacteria (20) . Conversely, E. tarda has been found to replicate in macrophages for virulence priming and then escape from macrophages via the induction of caspase-1-dependent cell pyroptosis, resulting in enhanced bacterial virulence both in vivo and in vitro. Our data suggest that the extrusion from macrophages via cell death might facilitate E. tarda to establish systematic infection by allowing a surviving bacterial popula- (A) C57BL/6 mice were injected intraperitoneally with equal amounts of variously combined macrophage-released and DMEM-cultured E. tarda bacteria that were marked with constitutively expressed mCherry (RFP) or GFP, respectively. The bacterial burdens in the mouse livers were indicated by the number of red or green colonies on diluted TSB plates at 6 and 12 h p.i. (n ϭ 5 mice per group). Results are presented as CIs [log 10 (RFP-expressing bacteria/ GFP-expressing bacteria)]; a CI of 2 corresponds to every 100 CFU of RFPexpressing bacteria for 1 CFU of GFP-expressing bacteria. Graphs show the means Ϯ SD of results of triplicate cultures, and data are representative of at least three experiments. **, P Ͻ 0.01; ***, P Ͻ 0.001. (B) Survival rates of C57BL/6 mice that were intraperitoneally infected with macrophage-released or DMEM-cultured E. tarda (1.5 ϫ 10 6 CFU/g, n ϭ 5 mice per group). Data are representative of three experiments. ***, P Ͻ 0.001, log-rank test.
tion to circumvent host immune surveillance and spread to neighboring cells.
